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Abstract- Combined ac and dc voltages may occur in  high voltage 
power  transmission  system,  which  bring  challenges  to  the 
dielectric  materials.  Generally  speaking,  space  charge  is  well 
recognised  under  high  voltage  dc  conditions  but  has  received 
little attention under high voltage ac conditions. Under ac electric 
fields,  the  formation  space  charge  in  the  material  depends 
strongly  on  the  frequency.  The  knowledge  of  space  charge 
behaviour  in  dielectric  materials  under  combined  voltages  is 
desirable  in  terms  of  both  experimental  and  simulation.  In  this 
paper,  a  numerical  model  based  on  the  bipolar  charge 
injection/transport  model  is  used  to  analyse  characteristics  of 
space  charge  in  polyethylene  under  combined  electric  fields  at 
room temperature.  The DC component ratio and the overall root 
mean square (RMS) are kept the same, while the frequency of the 
AC component is altered from O.05Hz to 50Hz. It has been found 
that  the  amount  of  the  accumulated  charges  reduces  with 
increasing  frequency  due  to the  more  frequent  polarity  reversal. 
Moreover,  the  time  to  reach  the  steady  states  of  charge  amount 
increases with frequency as well. 
I.  INTRODUCTION 
Detailed  knowledge  of  electric  field  or  space  charge 
distribution in dielectrics is necessary for the understanding of 
charge  storage  and  transportation.  However,  owing  to  the 
difficulty  and  complexity  of  experimental  work,  progress  has 
been  made  over  the  last  20  years  in  terms  of  both  charge 
measurement  and  numerical  methods  of  analysis  of  space 
charge under DC conditions  [1-3]. 
However,  the  influence  of  space  charge  behaviour  on 
insulation  degradation  under  complex  electric  fields,  such  as 
AC and combined AC and DC stresses is still a debated topic, 
even though the research in this area has been proceeding for a 
while.  There  are  two  possible  reasons.  Firstly,  previous 
experimental  measurements  showed  small  amount  of  space 
charges  gathered  under  AC  electric  fields,  and  the 
accumulated amount is further reduced under high frequencies 
conditions  [4,  5].  Therefore,  space  charge  under  complex 
electric stresses is assumed to be less harmful than that under a 
dc  field  and  attracts  much  less  research  attention.  Secondly, 
the  reliable  detection  of  space  charge  under  complex  stresses 
is much harder  comparing with measurement under  DC  fields 
due  to  constant  variation  of  voltage  with  time.  This  paper 
mainly  focuses  on  the  influence  of  frequency  of  AC 
component  within  the  combined  electric  fields  on  the  space 
charge distribution in  polyethylene.  A  numerical  model  using 
bipolar  transportation  mechanism  adopted  from  modelling 
space  charge  under  purely  AC  [6]  and  DC  [7]  is  chosen  to 
compute  the  charge dynamic under  combined  condition with 
same  AC  and  DC  composition  ratio  while  changing  AC 
component frequency from 0.05Hz to 50Hz. 
II.  NUMERICAL MODELLING 
There  are  the  three  basic  equations  used  in  the  bipolar 
charge transport simulations in  the insulation under combined 
AC  and  DC  conditions.  They  are  Poisson's  equation  (Eql), 
Transport  equation  (Eq2)  and  Continuity  equation  (Eq3), 
where  electric  field  is  calculated  by  the  Poisson's  equation, 
current  density is computed using  Transport  equation,  and the 
influences  of  traps  and  recombination  effects  are  introduced 
by the Continuity equations [3, 8]. 
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Where p is  the  net  charge  density;  E is  the  permittivity  of 
the dielectric; and s  is the source term. 
The  Continuity  equation  is  solved  by  splitting  methods,  and 
Eq3  is  split  into  two,  Eq4  and  Eq5,  where  Eq4  is 
homogeneous  while  Eq5  is  of  only  one  variable  and  constant 
coefficients. 
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The source term is designed to present the effects of charge 
recombination and trapping phenonina, and in consideration of 
each  species  (mobile/trapped  electrons/holes)  the  Eq5  should 
be presented in four terms. 
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are the  source term for each species;  So, 
S),  S2,  S3 are the recombination coefficients;  Be and Bb are the 
trapping  coefficients  for  electrons/holes;  ne﻽I
' 
nel,  nh﻽I
' 
nhl 
respectively  indicate  the  densities  of  each  species:  mobile 
electrons,  trapped  electrons,  mobile  holes  and  trapped  holes; 
nOet,  nOht  are  indicating  the  trap  densities  for  electrons  and 
holes.  The  detailed  meaning  of  these  parameters  is  illustrated 
below in Fig1: 
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Fig.l Trapping and recombination of bipolar charge carriers [6] 
Besides,  the  charge  carriers'  conduction  process  is 
characterised  using the  mobility of  the  charge carriers within 
the  Transport equation (Eq2). As  the electrons and  holes  may 
have their own  field dependence  [9],  the mobility of them are 
computed  differently.  The  mobility  for  electrons  is  analysed 
using Power's  law,  as deduced  in  Eq7  [10].  And  the  mobility 
of  holes  is  predicted  utilising  a  curve-fitting  function  of  an 
experimental  result of Positive  charge  velocity  charging  along 
with  the  electric  field  increasing  (Fig.2  (a))  [11].  Details  are 
demonstrated below: 
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Where J is the conduction current density; J.1 is the mobility 
of charge carrier and is field dependent;  v  is the drift velocity; 
J.1o  is  the  mobility  under  low  electric  fields;  ml,  m2  are  the 
power indexes;  n is the density of mobile species;  and E is the 
local  electric  field;  ai,  a2,  a3,  b and m2 are  the  constants 
obtained  from  curve-fitting  of  Fig.  2.(a)  (al  is  1.746xlO-14,  a2 
is -3.141xlO-
22
,  a3 is 1.454xlO-
3o
,  b is 19.51 and m2  is 1.065); 
Ec  is  a  critical  field  distinguishing  the  low  and  high  electric 
field  phenomena  for  positive  charge  carriers.  In  Fig.  2  (a),  its 
value is 100kV/mm. 
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Fig. 2 Measured holes' velocity versus fields and used velocities versus fields 
(a)is measured results of  Chen [II] and (b) is the used velocities of  holes and 
electrons in the simulation 
Furthermore,  charges  within  the  insulation  are  assumed  to 
be  sourced  by  Schottky  injection  (Eq8)  and  the  extraction  of 
charge  from  the  electrodes  can  be  calculated  using  Transport 
equation, presented in Eq9. 
fe(O, t) = AT2exp(:﻽ei)exp(:T 
fh(d, t) = AT2exp(:﻽hi)exp(:T  e:﻽﻽t»)  (8) 
Where  Je(O, t)  is  the  injected  current  density  of  the 
electrons at cathode andJh(d, t) is of the holes at anode; E(O, t) 
and  E(d, t) are  the  electric  fields  at  cathode  and  anode 
respectively;  A  is  the  Richardson  constant;  T  is  the  absolute 
temperature;  e  is  the  elementary  charge;  k  is  the  Boltzmann 
constant;  Wei  and  Whi  are  the  injection  barrier  heights  for 
electrons and holes; and E is the permittivity of the dielectric. 
feed, t) =  f1eE(d, t)ne/1(d, t) 
fh(O, t) =  f1hE(O, t)nh/1(O, t)  (9) 
Where  fe(d, t)  and  fh(O, t)  are  the  extracted  flux  of 
electrons  and  holes  from  the  electrodes;  11  is  the  mobility  of 
charge  carriers  and  nel'  and  nhl'  are  the  density  of  mobile 
electrons and holes. 
The  total  current  density  Jt(x,t)  is  the  sum  of  the 
conduction  current  density  (first  term  in  Eq  10)  and  the 
displacement current density (second term in EqlO). 
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The  applied  voltage  used  in  the  simulation  can  be 
expressed as:  (11) 
V  =  Vpsin(2rrft) + Voffsets 
Where  Vp  is  the  peak  voltage  and f is  the  ac  frequency,  in 
this  paper,  Vp  is  equal  to 9.,fi kV,  Voffsets  is  4.5kV,  and  f 
changes from 0.005Hz to 50Hz. 
Specific parameter settings are shown in Table I which are 
in  line  with  previous  published  work  purely  HVDC  [12]  and 
HV  AC  [6]. The injection barrier for holes is set lower than the 
electrons  in  order  to  demonstrate  the  phenomenon  holes  are 
easier  to  inject  into  the  insulation,  comparing  with  electrons. 
And  the  velocity  of  holes  and  electrons  are  based  on  the 
curves shown in Fig.2. 
TABLE I 
Parameters  or space charoe under combined AC and DC simulation [6,  12] 
Parameter  Yalue  Unit 
Barrier hei  oht for injection 
Wei (electrons)  l.l8  eY 
Whi (holes)  l.l6  eY 
Low field Mobility J.lo  4.5xI0-16  m-y·ls·' 
Power law's index of mobility n  l.l65  m-Y-'s" 
Trap density 
NOel (electrons)  100  Cm-J 
NOhl (holes)  10  Cm-3 
Trapping coefficients 
Be (electrons)  I  7xlO-3  s·' 
Bh (holes)  I  7x10-5  S·1 
Recombination coefficients 
So trapped electron-trapped hole  4xlO-3  mC's-' 
S, mobile electron-trapped hole  4x10-3  mC's-1 
S2 trapped electron-mobile hole  4xlO-3  mC's-' 
S3 mobile electron-mobile hole  0  mC's-1 
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In  2000,  Tanaka  et  al  [13]  published  a  paper  about  the 
frequency  dependence  of  charge  density  under  AC  stress.  It 
showed that the amount of charge within insulation under  AC 
stress decreases sharply when  the frequency is  changing from 
10-
3 
Hz  to  10-
2 
Hz  and  only  slightly  decreases  in  other 
frequency  ranges.  To  clearly  show  impacts  of  the  different 
frequencies  of  AC  component  on  space  charge  dynamics,  in 
this  paper,  the  selected  external  electric  fields  are  including 
O.OSHz  ,0.SHz,  SHz  and  SOHz  (power  frequency),  4.SkV 
(RMS) AC with 4.S kV DC voltages 
The space charge distribution profiles are simulated by  the 
bipolar  model,  however,  the  differences  among  the  curves 
under  various  frequencies  are  difficult  to  distinguish,  due  to 
the  limited  impact  caused  by  the  variable  frequencies. 
Therefore  in  this  section,  the  distribution  curves  over  spatial 
coordinate  are  integrated  to  obtain  the  results  of  total  charge 
amount  within  the  sample  altering  with  time.  The  integration 
function used in shown in Eq12. 
Te(t) =  fad p(x, t)dx  (12) 
Where  TC  is  the  total  charge  amount  function  changing 
with time, d is the sample thickness and p is the charge density 
function of time and spatial coordinate. 
Fig.3  presents  the  simulated  charge  distribution  curves 
under  SOHz  4.SkV  (RMS)  AC  with  4.S  kV  DC  voltages.  And 
Fig.4  presents  the  distribution  curves  obtain  under  9kV  DC. 
The time step used for simulation is 0.002s,  and all the charge 
profiles  under  AC  and  combined  AC  and  DC  stresses  are 
plotting the phase angle zero of the applied fields. 
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Fig.4 Charge distribution under 9kV DC stress 
It can  be  clearly  observed  from Fig.3  that  the  accumulated 
positive  charges  move  like  a  packet  towards  the  opposite 
electrode with time.  Similar to the positive charge movements 
under  the  DC  condition  (Fig.4),  due  to  the  influence  of  SO% 
DC  component's  within  the  applied  field.  However  the  peak 
values  of  both  accumulated  holes  and  electrons  under  the 
combined condition are larger than  those under DC  condition. 
This  is  because  the  maximum  magnitudes  of  the  applied 
combined  fields  are  larger  than  that  of  DC  field  owing  to the 
AC  component,  causing  a  larger  amount  of  charge  injections 
(Schottky  injection's  exponentially  relationship  between 
injected amount and electric fields). 
Fig.S  to  Fig.7  are  the  integrated  charge  of  net  charge, 
positive  charge  and  negative  charge.  Because  the  diffrereces 
among  the  results  under  high  frequencies  are  too  small  to 
distinguish,  the  high  frequency  part  is  zoomed  in  in  a  small 
graph nearby. 
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Fig.S Integral net charge's trend over time under various frequencies 
Fig.  S  shows  the  simulated  integrated  net  charge  amount 
within  the  insulation  under  purely  DC  stress,  under  combined 
AC  and  DC  stresses  with  frequency  ranging  from  O.OS  to 
SOHz.  It  can  be  clearly  observed  from  the  graph  that  the 
amounts  of  net  charge  under  the  combined  AC  and  DC 
stresses  are  significantly  larger  than  that  under  the  DC 
conditions.  And  the  net  charge  amount  decreases  with 
frequency  increasing,  and  this  phenomenon  becomes 
insignificant when the applied fields' frequency is higher than 
O.SHz.  This  inhibition  of  charge  accumulation  of  applied 
field's  frequency  under  combined  AC  and  DC  conditions  is 
consistent  with  the  experimental  results  under  AC  conditions, 
which  is  the  charge  within  insulation  decreases  sharply  when 
the  applied  fields'  frequency  is  changing  from  lO'
3to 
10'
2 
[4] 
[13]. 
Besides,  it  can  also  be  observed  that  the  amount  of  net 
charges within the insulation under combined stress is positive. 
This is because in the model  used it  is assumed that  holes  are 
easier  to  inject  into  the  insulation  (lower  injection  barrier) 
comparing  with  electrons.  Therefore,  holes  are  dominant  in 
the charge accumulation dynamics. 
Furthermore,  as  shown  in  Fig.S,  the  charge  amount  varies 
dramatically within  the  first 20 minutes.  And a  small  increase 
in  the  transit  time  can  be  observed,  along  with  frequency 
increasing. But the transit time is lengthen under the combined 
stresses in comparison with that under the  pure DC condition. 
And this is  because  positive  charges  are moving slower under 
the applied combined  AC  and DC  conditions,  comparing with 
under  the  pure  DC  condition,  due  to  the  holes' mobility field­
dependent effects (Fig.2). 
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Fig.7 Integral total negative charge's trend over time under various frequencies 
Fig.6 and Fig.7 are the integrated results of positive charge 
and  negative  charge  amounts.  Similar  to  the  net  charge 
amount  curves,  the  total  positive  charges  saturates  at  around 
20 minutes,  and  the  higher  the  frequency,  the  longer  the  time 
to reach the steady state. As comparison,  the transient time for 
electrons  under  higher  frequency(?5Hz)  is  generally  longer, 
around  30  to  40  minutes.  This  indicates  the  frequency  of  the 
applied combined stress has stronger influence on the negative 
charge  movements  due  to  the  larger  variable  range  of  the 
mobility of the negative charges than positive charges. 
The total positive charge amount and total negative charge 
amount  under  combined  conditions  are  also  larger  than  those 
under purely DC  conditions. The overall accumulated positive 
charge amount is larger than negative amount. 
Furthermore,  with  the  frequency  increases,  the  saturated 
amount of  holes decreases.  In  contrast,  this is not the case for 
electrons.  The  minimum  amount  of  the  saturated  electrons 
occurs  at  the  frequency  of  0.05  Hz  instead  of  50  Hz.  These 
two  graphs also demonstrate the increase of the frequency can 
weaken  the  charge  accumulation  within  the  insulation  under 
the combined conditions. 
IV.  CONCLUSION 
In  this  paper,  a  bipolar  charge  transportation  model 
adopting  from  numerical  analysis  under  HVDC  is  used  to 
simulate  space  charge  under  various  frequencies  of  combined 
AC  and DC  conditions in order to  show  the frequency  effects 
of  AC  Component.  The  simulated  results  of  space  charge 
distribution  and  integral  net  charge,  total  positive  charge  and 
total negative charge are presented. 
The  results  show  that  the  amount  of  the  accumulated 
charges  reduces  with  the  increasing  frequency,  and  the 
reduction  becomes  insignificant  when  the  frequency  is  higher 
than  0.5  Hz.  It  is  consistent  qualitatively  with  experimental 
results  found  under  AC  conditions.  Besides  the  frequency  of 
the  AC  component  within  the  applied  electric  fields  can 
increase  the  time  to  reach  the  steady  state.  This  effect  is  also 
relatively weak when the frequency is high. 
This simulation model is an initial one without certification 
of  the  experiment.  And  further  modifications  are  required  to 
be  made  to  the  adopted  model  to  coincide with  the  practical 
conditions. 
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